Thank you again for submitting your work to Molecular Systems Biology. We have now heard back from two of three referees who agreed to evaluate your manuscript, and have decided to render a decision now to avoid further delay. As you will see from the reports below, the both referees felt that this presented some potentially interesting findings. They raise, however, important concerns on your work, which, I am afraid to say, preclude its publication in its present form.
Thank you again for submitting your work to Molecular Systems Biology. We have now heard back from two of three referees who agreed to evaluate your manuscript, and have decided to render a decision now to avoid further delay. As you will see from the reports below, the both referees felt that this presented some potentially interesting findings. They raise, however, important concerns on your work, which, I am afraid to say, preclude its publication in its present form.
The reviewers each agreed that important issues needed to be addressed before this work would be appropriate for publication. One key concern shared by both reviewers, was a conceptual issue related to the universal description of the invertase positive yeast as "cooperators". Both reviewers noted that competition from E. coli may be acting to reduce the available public goods pool, thereby making the invertase secretion strategy more beneficial from a purely selfish perspective. They both felt that this required clarification and perhaps even substantial rephrasing of the main claims in this work (including potentially the title).
In addition, the reviewers had other more specific concerns, the most important of which appears to be the second reviewer's point ii. This reviewer felt that the current mathematical model remained too phenomenological to be of general value, and strongly indicated that a more detailed model, including glucose production and consumption, should be developed and analyzed.
When preparing your revised manuscript, please also address the following format and content issues:
1. In general, Molecular Systems Biology requires that authors provide the numeric data underlying all key experiments. To make these data more accessible to readers, we provide a new functionality that allows authors to provide 'source data' associated with selected figure panels (e.g. <http://tinyurl.com/365zpej>). This sort of figure-associated data may be particularly appropriate for this work. Please see our Instructions of Authors for more details on preparation and formatting of figure source data (<http://www.nature.com/msb/authors/index.html#a3.4.3>).
The paper describes lab experiments and theory to investigate the impact of between-species competition on the evolution of within-species cooperation. The evolution of cooperation is a fundamental question in biology. There has been much recent work on microbial cooperation, including important work from this lab, which has help shed new light on the topic. But the impact of between-species competition on cooperation has so far been mostly neglected (with some exceptions cited here) and so this is a timely study.
The paper starts by reporting an interesting and strong phenotype -that invertase-producing yeast reverse their usual disadvantage in competition with invertase negative 'cheaters' when faced with competition by another species, E. coli, and do so in a very dramatic way (Fig 1) . The paper attempts to dissect the mechanisms involved but fails to do satisfactorily. The main explanation seems to be that inter-species competitors limit the population size (either by decreasing nutrients or by acidifying the media) keeping the yeast population under conditions where cooperators mostly help themselves. The logic of the arguments is not always clear (cooperators are basically noncooperators when facing E.coli and this is why they thrive?). Therefore, although the phenotype is interesting and the topic is important there are many open questions and clarifying discussion is needed before the paper can be published.
Specific comments:
-In page 2 "However, cooperator cells capture ~1% of the sugar they produce due to a local glucose gradient". This is an important statement and should be supported either by data or by citations. Furthermore, this was the topic of two recent papers which where neglected here. The first one is the paper by Dai et al from this same group (DOI:10.1126/science.1219805). I'm surprised this is not mentioned here given the relevance. That paper shows that yeast may not be able to grow if they are at low density because the sugars produced are not enough to sustain growth. A second paper is the one by Koshwanez and colleagues (doi:10.1371/journal.pbio.1001122) where they found yeast can increase the amount of sugars captured by clumping. That paper also showed convincing evidence that the self produced sugar is not enough to sustain growth of yeast populations. These contradictions must be clarified.
- Figure S3 shows the important control experiment that demonstrates yeast does not use arabinose for growth. The same figure could include another panel with similar growth curves this time for E.coli confirming that E. coli DH5-alpha and JM1100 do not grow on sucrose alone, but grow on either arabinose or glucose.
- Figure 1 shows a sharp increase in cooperators in the presence of E.coli. However, it also shows what seems like a significant increase in cooperators in absence of E.coli (orange data series with triangle which raises from 0.1 to about 0.15 cooperator fraction). This is not consistent with cooperators having a disadvantage, which had been shown in Fig S1 . The inconsistency should be clarified. Also I have the following problem reading the plots: Figure S1 shows the outcome of the competition between cooperators and cheaters using relative fitness measured at 3 days. In contrast, figure 1 shows the outcome of the competition as final fraction of cooperators. The results would be easier to compare if both plots displayed the same quantification. I suggest changing Figure S1 to display "cooperator fraction" rather than "relative fitness of cooperators".
-The second paragraph in page 5 argues that the difference in the time scale of intra-yeast competition in the presence or absence of E.coli may help understand the evolution of cooperation in nature. This is an interesting argument and there is no need to jump to the supporting material to make it. The "supporting text" should be brought into the main text if there are no space constraints.
-There is yet another jump to supporting text in page 5, this time Supporting Test 2. I don't see the particular relevance of this supporting text. If the intention is to explain a caveat of this study (wellmixed scenario is a simplification), then the text should go to the conclusion section, which is where the caveats should be explained.
-The last paragraph of page 5 explains that acidification alone does not explain the limitation in E.coli growth. An alternative explanation of increased acidification or ethanol production by yeast is proposed but not tested. Could simply growing E.coli in a range of ethanol concentrations test the ethanol hypothesis? -In page 6 "We therefore asked whether resource limitation could drive cooperation within the yeast population in our model." I agree with the logistic model formulated, but I think this sentence could be made even more general. Rather than saying "resource limitation" one could generally say "population size limitation". This way the model could also explain the effect of acidification on the competitive advantage of cooperators.
-Very important: E. coli makes an environment where the uptake of self-produced glucose/fructose is more important and that is what selects for invertase+ ("cooperators") . In this case invertase+ yeast are not cooperators since they only feed themselves. Is this correct? If this is the case I think it is a point that is far from trivial and it should be made more clear: the interspecies competitor stabilizes cooperator cells by making them selfish. The problem is that the following discussion should not be phrased as "Nutrient limitation drives cooperation within a pure yeast population" because, following the mathematical model, there is no cooperation if population density is below Nc. The same is supported by the experiments in page 7 where cell density is limited by removing uracil. I think this lack of clarity on whether yeast is cooperative or not is the weakest point in the manuscript and should be clarified thoroughly.
-The experiments on agar do not add much to the arguments above and seem out of place. Could they be removed entirely?
Reviewer #3 (Remarks to the Author):
This manuscript by Celiker and Gore describes experimental work on the impact of microbial interactions on the evolutionary dynamics of invertase production in yeast. Yeast cells that express invertase catalyze the hydrolysis of sucrose to glucose and fructose. Glucose and fructose are both released into the environment, but the cell that catalyzed the reaction has some preferential access to the sugars. As a consequence, invertase-producers can coexist stably with invertase-deficient mutants. The authors show that the presence of E. coli (which consume glucose) leads to an overall lower density of yeast cells, but within the remaining yeast population, the relative proportion of wild-type over the invertase-deficient mutant increases. These are interesting and important results on how species interactions can impact public goods production within one species. I enjoyed reading the manuscript, and think that it has the potential to make a good contribution to the field. However, there are some points that I am critical about, and that I suggest should be addressed in a revised version: i) My main concern is the following: in my opinion, the main message of the current manuscript is not a good summary of what I see as the main outcome of the study -i.e., I find the message slightly misleading. The current main message of the manuscript is that yeast populations become more cooperative in the presence of bacteria (see for example title and abstract). I do not think that this is a good description of what is going on in these experiments. The presence of bacteria inhibits the invertase-deficient yeast strain more than it inhibits the wild-type yeast strain. As a consequence, the number of invertase-deficient cells decreases more strongly than the number of wild-type yeast cells, and the ratio between wild-type and invertase-deficient yeast thus increases. In my opinion, this does not mean that the presence of bacteria makes yeast more cooperative, and leads to selection for public goods production (as the manuscript suggests, see for example p3: "Therefore, we conclude that the increase in cooperator fraction [in the presence of bacteria] is strongly related to public good production by cooperator cells"). Rather, the driving force is that wild-type cells have a slight preferential access to the glucose they produce (p. 2). The presence of bacteria makes this preferential access more important, because bacteria consume glucose from the medium, and also lead to lower yeast densities, which further decreases the concentration of glucose available for the invertase-deficient strain. The bottom line thus seems to be the following: One fraction of the glucose produced by invertase is a public good, and another (smaller) fraction is a private good (through preferential access of the producing cell). The presence of bacteria decreases the public fraction, thus making the private fraction relatively more important, leading to a relative advantage of the wild-type yeast cells. I would thus suggest rephrasing the main message of the manuscript. This comment might sound like a detail, but I think it is important. It seems essential that readers get a good understanding of the basic principles that lead to the patterns that the authors describe. I do not think that modifying the main message would make the manuscript less interesting -I think the observations of the authors are exciting, and I find it important that the dynamics underlying these observations can easily be understood.
ii) The authors present a model (Fig. 3) to describe the dynamics of their system, but in my opinion this model would be more useful if it was less phenomenological. The competition between wildtype yeast and the invertase-deficient type is strongly driven by how the growth rates of these two types depend on yeast density; this is because yeast density influences the concentration of glucose in the medium, and the concentration of glucose determines the outcome of competition between the two yeast types. In the current model, the function relating growth rates to yeast density is not derived from basic principles, but is essentially an assumption (based on some experimental measurements). I would suggest constructing a more mechanistic model, in which glucose production and consumption (by both species) are directly modeled, so that the growth rate dependence on yeast density would emerge from these more fundamental processes. As far as I understand, this model would also show that it is not really the current yeast density that determines the growth rates of the two yeast strains, but that the growth rate depends on the densities of the two yeast types integrated over the past, because these past densities determine the current glucose concentration. In my opinion, such a model would be more general than the current version of the model, because it would allow working out basic principles of how interspecific competition drives the evolutionary dynamics of intraspecies interactions.
Smaller points: -the authors write repeatedly that the presence of bacteria alters yeast population size, and that this leads to a shift in the ratio between wild-type and the invertase-deficient type. As far as I understand, it is not population size that matters, but population density. Of course, in these experiments, population size and population density are proportional because the volume is constant -but I think the emphasis on population size makes it more difficult for readers to understand the processes that lead to the observed patterns. Also, performing these experiments in different volumes of media would show that (as far as I understand) it is not the population size that drives the outcome. For example, growing yeast in small volumes would lead to a decreased population size, but this is not expected to lead to a change in the ratio between wild-type and the invertasedeficient type.
-p 1: third sentence of the introduction ("This has been a puzzling question ") -what question has been puzzling? -p 4: The authors state that varying the buffer concentration would tune the intensity of competition between yeast and bacteria. I do not understand why this is. Does the intensity of competition really increase or decrease with increasing buffer concentration -or is it rather that the buffer concentration determines the outcome of competition, without necessarily changing the intensity? - Fig. 2A : it would be useful to have information about the absolute pH, rather than just information about an arbitrary proxy for pH.
- Fig. S6 : why does the 'cooperator fraction' not decrease in the yeast-only controls (triangles)? Isn't this a contrast to Gore et al (2009) 
The paper starts by reporting an interesting and strong phenotype -that invertase-producing yeast reverse their usual disadvantage in competition with invertase negative 'cheaters' when faced with competition by another species, E. coli, and do so in a very dramatic way (Fig 1). The paper attempts to dissect the mechanisms involved but fails to do satisfactorily. The main explanation seems to be that inter-species competitors limit the population size (either by decreasing nutrients or by acidifying the media) keeping the yeast population under conditions where cooperators mostly help themselves. The logic of the arguments is not always clear (cooperators are basically noncooperators when facing E. coli and this is why they thrive?). Therefore, although the phenotype is interesting and the topic is important there are many open questions and clarifying discussion is needed before the paper can be published.
We have attempted to clarify the logic of the argument in the text. The presence of E. coli favors cooperators for two reasons: 1) Limiting the population density increases the time that yeast spend in low density conditions, which is where cooperators have an advantage and 2) The bacteria consume glucose, thus further favoring cooperators in the low density conditions (since cooperators preferentially capture 1% of the glucose created). We believe that it is still appropriate to describe the wildtype yeast as "cooperators", since they are paying a metabolic cost to create a sugar that is 99% shared with the general population of cells. However, it is true that in low density conditions the cooperators have an advantage over the cheaters. There must be some part of the yeast growth cycle at which cooperators have an advantage or the cooperators would go extinct.
Specific comments:
-In page 2 "However, cooperator cells capture ~1% of the sugar they produce due to a local glucose gradient". This is an important statement and should be supported either by data or by citations.
Previously, we had cited Gore et al (2009) (which showed that "cooperator cells capture ~1% of the sugar they produce due to a local glucose gradient") within the paragraph where we were explaining the sucrose metabolism. We have now cited this paper right after this statement to reduce ambiguity. We apologize for failing to cite Dai et al, Science, (2012). The paper had not yet been published when we started the submission process, and then we forgot to add the citation. We do so now at several points within the manuscript. , Regarding the point about growth in low density conditions, our experiments are at a modest dilution over 48 hours, meaning that we are well away from the "tipping point" analyzed in Dai et al. Figure Moreover, in addition to sucrose, we have an initial concentration of 0.005% glucose in all of our experiments, meaning that both the cooperator and cheater strains can grow in dilute cellular conditions. These important points are now clarified in the text.
- Figure S3 shows
the important control experiment that demonstrates yeast does not use arabinose for growth. The same figure could include another panel with similar growth curves this time for E. coli confirming that E. coli DH5-alpha and JM1100 do not grow on sucrose alone, but grow on either arabinose or glucose.
This data has now been added in Figure S3B . Also, see the reference Reid et al (2005), which states that E. coli K12 strains (which includes both DH5a and JM1100) cannot utilize sucrose.
- Figure 1 Figure S1 shows the outcome of the competition between cooperators and cheaters using relative fitness measured at 3 days. In contrast, figure 1 shows the outcome of the competition as final fraction of cooperators. The results would be easier to compare if both plots displayed the same quantification. I suggest changing Figure S1 to display "cooperator fraction" rather than "relative fitness of cooperators".
Cooperators and cheaters display coexistence in these conditions, meaning that above the equilibrium the cooperator fraction will decrease whereas below the equilibrium the cooperator fraction will increase. The disadvantage shown in Fig S1 corresponds to the cost they pay to produce invertase. However, note that the competition experiments described in this figure have been done in media containing glucose as the sole carbon source, in which case the cooperators receive no benefit from their cooperative behavior. Therefore, there is no frequency dependent selection as it occurs in sucrose media. Since at low glucose concentrations cooperator cells increase their production of invertase, the metabolic cost is higher and the relative fitness is simply lower. We have now stressed this point in the figure caption.
Competition experiments in glucose are not sufficient to predict what would happen if the strains were competed on sucrose. In fact, on sucrose we expect that the cooperator fraction would increase starting from such a low cooperator fraction (the equilibrium fraction of cooperators in these conditions is around 60%, see figure S8 ). Therefore, our competition experiments in glucose are consistent with the observed increase in cooperator fraction in experiments performed on sucrose (where there is frequency dependent selection). Now, we have also added data on final fractions that we observed in this experiment ( Figure S1 ), although we again caution that these data cannot be directly compared to the results of experiments in sucrose media. We have now moved this paragraph into the main text where we were previously referring to the supporting text 1.
-There is yet another jump to supporting text in page 5, this time Supporting Test 2. I don't see the particular relevance of this supporting text. If the intention is to explain a caveat of this study (wellmixed scenario is a simplification), then the text should go to the conclusion section, which is where the caveats should be explained.
We have now removed this supporting text from the manuscript, as we agree that it does not add much to the discussion.
-The last paragraph of page 5 explains that acidification alone does not explain the limitation in E. coli growth. An alternative explanation of increased acidification or ethanol production by yeast is proposed but not tested. Could simply growing E. coli in a range of ethanol concentrations test the ethanol hypothesis?
In this paragraph, we were aiming to speculate on the drivers of E. coli extinction and show that both species can have a negative effect on each other. During the successional growth dynamics that we observe, after E. coli growth stops (until which very little yeast growth occurs) and yeast growth takes over, the pH of the media drops further down and we believe that this can cause some of the dormant E. coli cells to die. Moreover, ethanol production by yeast during this period might also have an accelerating effect on the death rate of E. coli population. We have now clarified this point in the text. However, the observation that yeast also inhibit bacteria is not a primary point of the paper so we have not explored the mechanism. In addition, the initial limitation of E. coli density that we observed can be explained mainly by acidification of the media due to fermentation of sugars by E. coli as shown in Figure S5A (E. coli stops growth at around the same density with or without yeast) and Figure 2A (increasing the pH buffer concentration increases the carrying capacity of E. coli). In the presence of bacteria or in low density conditions, cooperator cells are still "cooperating", meaning that they still break down sucrose and 99% of the produced glucose diffuse away to be utilized by other cells (yeast and bacteria) within the culture. So, yeast cells do not switch to a "selfish" phenotype whereby they utilize all the glucose they produce or selfishly produce only enough glucose for themselves. However, in low-density conditions, cooperator cells have an advantage, because although they forgo most of the glucose they produce, they still have direct access to "some" glucose. In these low-density conditions this small amount of direct access to glucose is significant (adding ~0.003% to the glucose concentration "felt" by the cooperator cells, see Gore et al (2009)), thus providing the cooperator cells with an advantage at low cell density. This is because glucose that is shared by cooperators gets too diluted in the media, since there are not many cooperator cells. Only after yeast density reaches a certain threshold, Nc, is there enough glucose in the media to give cheater cells an advantage.
The dynamics described in the above paragraph apply to yeast populations even in the absence of bacteria. As stated in the first response, the presence of bacteria both increases the time yeast spend at low density (via limitations on carrying capacity) and also accentuates the advantage that cooperators have at low density conditions (by consuming free glucose, thus making the preferential access of the cooperators more important). See also comment (i) by reviewer #3, which explains our findings in an accurate way.
Note that although cooperators have an advantage initially, once the density goes above Nc, cheaters are favored. Considering that Nc is ~2-3 orders of magnitude lower than the carrying capacity of the yeast population ( Figure S8 ), cultures always go into the phase where cheaters are favored and the products of cooperation can be exploited. Nutrient limitation forces the yeast populations to spend more time in the initial phase of the culture where cooperators have an advantage, but does not negate the benefits of cooperation in the following phase. We agree that the term "driving cooperation" might be vague or misleading since it can imply a change in the actual phenotypes of individual cells as opposed to an increase in frequency of cooperator cells. To avoid this issue, we have tried to indicate in our manuscript wherever possible that by "increase in cooperation" or "driving cooperation"; we mean, "increase in cooperator cell frequency within the yeast population".
We have moved Figure 5 into the supplementary material (now Figure S10 ), but we leave a short discussion about these experiments in the main text. Although we agree that these results are not strictly required for the main conclusions of our paper, we think that they are nevertheless interesting as they confirm our prediction that if the competing species also produce public good, cooperators are not favored. 
and abstract). I do not think that this is a good description of what is going on in these experiments. The presence of bacteria inhibits the invertase-deficient yeast strain more than it inhibits the wild-type yeast strain. As a consequence, the number of invertase-deficient cells decreases more strongly than the number of wild-type yeast cells, and the ratio between wild-type and invertase-deficient yeast thus increases. In my opinion, this does not mean that the presence of bacteria makes yeast more cooperative, and leads to selection for public goods production (as the manuscript suggests, see for example p3: "Therefore, we conclude that the increase in cooperator fraction [in the presence of bacteria] is strongly related to public good production by cooperator cells"). Rather, the driving force is that wild-type cells have a slight preferential access to the glucose they produce (p. 2). The presence of bacteria makes this preferential access more important, because bacteria consume glucose from the medium, and also lead to lower yeast densities, which further decreases the concentration of glucose available for the invertase-deficient strain. The bottom line thus seems to be the following: One fraction of the glucose produced by invertase is a public good, and another (smaller) fraction is a private good (through preferential access of the producing cell). The presence of bacteria decreases the public fraction, thus making the private fraction relatively more important, leading to a relative advantage of the wild-type yeast cells. I would thus suggest rephrasing the main message of the manuscript. This comment might sound like a detail, but I think it is important. It seems essential that readers get a good understanding of the basic principles that lead to the patterns that the authors describe. I do not think that modifying the main message would make the manuscript less interesting -I think the observations of the authors are exciting, and I find it important that the dynamics underlying these observations can easily be understood.
We think that this is an accurate description of our findings and we apologize if we were not explicit or clear enough in explaining the mechanisms leading to the results we observe. We have previously tried to describe the "basic principles" in our first submission (see the model section in the manuscript and Figure S8 ). Now, throughout the paper and in the discussion section, we reiterate these mechanisms that lead to increase in cooperator fractions. We have also modified the abstract to emphasize the changes in cooperator frequency rather than strength of phenotype etc.
In our opinion, the discussion provided by referee #3 above is describing the mechanism by which bacteria increase the cooperative fraction within the yeast population. In non-microbial studies the mechanism might be unknown, but the fact that in our experiments we understand the mechanism does not mean that the basic phenomenon (ie higher cooperative gene frequency as result of bacteria) has changed Therefore, we do not understand why we need to rephrase the main message, as our interpretation of the experiments seems to be the same as reviewer #3. We do observe that in the presence of bacteria, yeast cooperator frequency increases, and in our opinion, this means that more of the yeast population is cooperating and thus yeast populations become more "cooperative". Moreover, as we show that this selection for cooperators is not due to some random difference between cooperator and cheater strains, rather, it is directly related to the fact that cheaters are not cooperating and depend on glucose produced by cooperators. We have now changed the sentence in p3 to "Therefore, the increase in cooperator fraction upon addition of the bacterial competitor is indeed related to sucrose metabolism." to avoid confusion.
It is true that cooperators have "private" access to the glucose, but this is because they are cooperating (producing invertase) in the first place. Still most of the glucose that is produced is diffusing away. See our response to reviewer #2 ("In the presence of bacteria or in low density conditions, cooperator cells are still "cooperating", meaning that they still break down sucrose and 99% of the produced glucose diffuse away to be utilized by other cells (yeast and bacteria) within the culture…"). Moreover, we argue that this small preferential access is not a unique feature of our system, but can be a general mechanism. In the discussion section of our paper we had argued the following:
"It is often the case that public-good producing individuals benefit preferentially from being producers, mainly because of spatial heterogeneity (viscous environments in which the produced extracellular products form a diffusion gradient around the producing individuals). This is analogous to our experimental system where we have spatial heterogeneity (despite the fact that we use a wellmixed environment) simply because of the biophysical features of the yeast cell wall."
We also stress that the cultures in our experiments have an initial low-density phase (just after inoculation) where cooperators are favored, but then most of the biomass increase occurs after this phase, where cooperative production of glucose is important and drives the faster growth of yeast cells.
Therefore, we believe that an accurate summary of our experiments is to state that there is selection for cooperator phenotypes in the presence of bacteria and that this can drive cooperation within yeast.
ii) The authors present a model (Fig. 3) 
to describe the dynamics of their system, but in my opinion this model would be more useful if it was less phenomenological. The competition between wild-type yeast and the invertase-deficient type is strongly driven by how the growth rates of these two types depend on yeast density; this is because yeast density influences the concentration of glucose in the medium, and the concentration of glucose determines the outcome of competition between the two yeast types. In the current model, the function relating growth rates to yeast density is not derived from basic principles, but is essentially an assumption (based on some experimental measurements). I would suggest constructing a more mechanistic model, in which glucose production and consumption (by both species) are directly modeled, so that the growth rate dependence on yeast density would emerge from these more fundamental processes. As far as I understand, this model would also show that it is not really the current yeast density that determines the growth rates of the two yeast strains, but that the growth rate depends on the densities of the two yeast types integrated over the past, because these past densities determine the current glucose concentration. In my opinion, such a model would be more general than the current version of the model, because it would allow working out basic principles of how interspecific competition drives the evolutionary dynamics of intraspecies interactions.
We have now included a more mechanistic model in the supplemental section demonstrating that our phenomenological model is not as phenomenological as it might appear. First, the growth rates in the various regions can be measured experimentally (as indicated by the reviewer). Second, a mechanistic model keeping track of glucose concentrations yields yeast growth rates varying with cell density in a manner that is similar to that assumed in our phenomenological model. Namely, we find that there is a low cell density phase in which cooperators have an advantage and a high cell density phase in which the cheaters have an advantage. We have included a supplemental figure showing that the predictions of our simple phenomenological model are essentially identical to the predictions that one gets from the more mechanistic model. Third, the model was used successfully in Dai et al, Science (2012) to predict a fold bifurcation that was measured experimentally. Finally, we do not feel that a mechanistic model incorporating all of the uptake rates of all different microbial strains would yield insight beyond that achieved with our phenomenological model.
Smaller points: -the authors write repeatedly that the presence of bacteria alters yeast population size, and that this leads to a shift in the ratio between wild-type and the invertase-deficient type. As far as I understand, it is not population size that matters, but population density. Of course, in these experiments, population size and population density are proportional because the volume is constant -but I think the emphasis on population size makes it more difficult for readers to understand the processes that lead to the observed patterns. Also, performing these experiments in different volumes of media would show that (as far as I understand) it is not the population size that drives the outcome. For example, growing yeast in small volumes would lead to a decreased population size, but this is not expected to lead to a change in the ratio between wild-type and the invertase-deficient type.
We agree that it is certainly the yeast population density that is the important metric. Now, we have replaced all mentions of "population size" with "population density" for consistency. It is true that changing the volume of culture does not affect the outcome. For instance, although in the original study with Gore et al (2009) 5 mL cultures were used as opposed to 150 uL in our experiments, still coexistence between cooperators and defectors were observed and similar population dynamics were taking place.
-p 1: third sentence of the introduction ("This has been a puzzling question ") -what question has been puzzling?
We have now clarified this point in the text.
-p 4: The authors state that varying the buffer concentration would tune the intensity of competition between yeast and bacteria. I do not understand why this is. Does the intensity of competition really increase or decrease with increasing buffer concentration -or is it rather that the buffer concentration determines the outcome of competition, without necessarily changing the intensity?
We use the buffer concentration as a knob to increase or decrease the niche overlap of the two species. If the buffer concentration is high than E. coli can reach to higher densities and limit yeast growth more intensely, as it consumes more nutrients that yeast cells need. So, by intensity we mean the size of the niche overlap. We have now tried to clarify this point in the main text by this sentence: "...we decided to use the buffering capacity as an environmental variable to tune the niche overlap and thus the intensity of competition between yeast and bacteria."
- Fig. 2A : it would be useful to have information about the absolute pH, rather than just information about an arbitrary proxy for pH.
We apologize for not putting information about the initial pH in the caption of figure 2A . In all the experiments we used a starting pH of 6.5 (see methods) which corresponded to ~220 arbitrary fluorescence units (supplementary figure S5B shows a calibration curve plotting fluorescence as a function of pH in the media either with cells or w/o cells). Now Figure 2A captions include this information. Unfortunately, the fluorescent dye that we use loses sensitivity to changes in pH below ~ pH 4, meaning that we are unable to replace the y-axis with a true pH value.
-Fig. S6: why does the 'cooperator fraction' not decrease in the yeast-only controls (triangles)? Isn't this a contrast to Gore et al (2009)?
Our experiments differ in several ways from Gore et al. First, here we perform a 1000X dilution every 48 hours, whereas in Gore et al we diluted to 0.005 OD every 24 hours. In addition, we use a different cooperator yeast strain that we estimate to have a higher equilibrium fraction (~ 60% as opposed to ~30% in Gore et al, Figure S8 ) under similar conditions used in Gore et al. In the current experiments, we find no significant changes in cooperative fraction in the region of 50%-90% cooperator. Our pilot experiments for this study were done using the original yeast strains from Gore et al. However, we found that E. coli consumes histidine and methionine (auxotrophic markers for the cooperator and cheater strains respectively) at differing rates, causing the cooperator yeast strain to be favored in a way unrelated to the dynamics due to sucrose metabolism. To solve this problem, we have constructed a new cooperator strain with the same set of auxotrophic markers as the cheater strain.
2nd Editorial Decision 04 September 2012
Thank you again for submitting your work to Molecular Systems Biology. We have now heard back from the two referees who agreed to evaluate your revised study. While the referees felt that this work had improved during revision, they both felt that fundamental conceptual issues had not yet been sufficiently addressed. Both reviewers, however, felt that these issues could be addressed with additional textual revisions, without reducing the value of this work. As such, we would like to offer you a final opportunity to prepare a revision of this work, addressing these important conceptual issues.
While both reviewers seemed to accept that interspecies competition was increasing (or stabilizing) the proportion of invertase+ yeast cells, a genotype which can be potentially cooperative, they noted that the selective pressure occurs in a regime where no cooperation is occurring. As such they felt it was inaccurate to describe interspecies competition as driving cooperation.
In addition, Molecular Systems Biology generally requires that authors provide the numeric data underlying all new experiments central to a work. To make these data more accessible to readers, we provide a new functionality that allows authors to provide 'source data' associated with selected figure panels (e.g. <http://tinyurl.com/365zpej>). This sort of figure-associated data may be particularly appropriate for this work. Please see our Instructions of Authors for more details on preparation and formatting of figure source data (<http://www.nature.com/msb/authors/index.html#a3.4.3>).
Also, the Supplementary Information PDF should begin with a Table of Contents listing the page numbers for each Supplementary Figure. Thank you for submitting this paper to Molecular Systems Biology.
Yours sincerely, Editor -Molecular Systems Biology msb@embo.org
Referee reports:
Reviewer #2 (Remarks to the Author):
Second review of "Competition between species can drive public-goods cooperation within a species" by Celiker and Gore. The revised version does not resolve the main weak point of the original version. The point in question, which was raised both by both reviewers, was that the presence of bacteria does not favor yeast cooperation but rather that the private use of invertase becomes more important when bacteria are present. Effort was made to clarify this important issue in the revised manuscript such as explicitly saying "increase in cooperator cell frequency within the yeast population" instead of "increase in cooperation" or "driving cooperation" in several sections of the text. These and other changes are important improvements to the manuscript. Nevertheless, they are not sufficient.
The revisions made were necessary but the present version still misses the central point. The manuscript should be revised further before publication.
Finally, I appreciate effort to clarify reviewers directly in the written reply to reviewers. But it would be much better to read about how our comments where used to improve the manuscript. Improvements to the manuscript would help all future readers understand the work, not just reviewers. One example of this (but not the only case) is the answer to my previous point #8. The reply has three full paragraphs but the actual changes to the manuscript are described only in the last line; the improvements are limited and still do not solve the issue in question satisfactorily.
Main comments: -The weak point of the manuscript remains the main interpretation of the results. The presence of E. coli is not favoring "cooperators" but rather it is favoring "invertase producers" while they act for self-benefit, not because they cooperate. This is an important point, for the presence of E. coli does not seem to *drive* public-good cooperation as the paper claims. The results presented need to be re-interpreted and the main claim should be revised. I also think the title should be replaced by something more appropriate like "competition between species can stabilize public-goods cooperation within a species". Again, I stress that this point was raised by all reviewers and should not be dismissed in future revisions.
-I don't find support for the claim that competition between species is a general ecological model for the evolution of public-goods cooperation within a species as stated in the conclusion. In fact the experiments with B. subtilis presented here are a clear counterexample, a point that was recognized earlier in the manuscript (page 9). The claim should be toned down and the conclusion should make clear that the role of interspecies competition in the evolution of intra-species competition is more complex.
Minor: -The results start being presented at the end of the introduction apparently without reason. The results should be presented in the results section.
-"This strain of E. coli cannot utilize sucrose (Reid & Abratt, 2005) but could grow on arabinose, another carbon source present in the media (Fig. S3B ). Arabinose could not be utilized by our yeast strains (Fig. S3A )." Please name figures by order of presentation.
-In fig S3B , DH5a should be DH5-"alpha"
The authors have made substantial modifications to the manuscript in response to the reviewer's comments. In my opinion, these modifications were beneficial, and I like the new version of the manuscript.
However, there is one important issue that I feel has not been entirely resolved, and that was raised by both reviewers. It is the question whether the patterns that the authors observe can be adequately described as 'increased cooperation'. The authors observe that the presence of E. coli decreases yeast population size, but that, in these smaller populations, the fraction of invertase-producing cells is increased. They refer to this as 'increased cooperation within a species' (for example abstract, and throughout the text). As mentioned earlier, I am not convinced that this is a good description, and think that this statement should not be made without further qualification. As also pointed out by the other reviewer, there is (basically) no transfer of benefits between yeast cells at low densities. In my opinion, this situation can thus not be described as 'increased cooperation within a species'.
I agree thus agree with the other reviewer ('I think this lack of clarity on whether yeast is cooperative or not is the weakest point in the manuscript and should be clarified thoroughly'); I would suggest that the authors rephrase the sections where they refer to 'increased cooperation within a species', and discuss very explicitly that the presence of a competitor increases the relative fraction of invertase+ cells, but decreases the transfer of benefits within the yeast population. As mentioned earlier, I do not think that this modifications would make the manuscript less interesting and general. On the contrary, I think this is a very important point, and I think that making this point clear will further strengthen the manuscript. 
Response to reviewers:
We thank the reviewers for their thoughtful comments on our manuscript. In our previous response we attempted to explain our reasoning on the conceptual issues in a more clear and explicit way than we did in the manuscript that we first submitted. However, the referees were not swayed by our explanation, so we have changed the title, added a description of mechanism to the abstract, and added a full paragraph of explanation that the referees have requested. In particular, the reviewers indicate that they still feel that our results cannot necessarily be described as "increased cooperation", so we have removed any statement implying such a claim in this revision of the manuscript.
Below in blue, we respond to specific reviewer comments. "We note that this selection of cooperator cells by bacteria is occurring in a yeast growth regime where there is little to no transfer of benefits between yeast cells (i.e. low cell density conditions). Therefore, the cooperator cells are favored by bacteria not because they "cooperate" with other cells, but because they have private access to some of the glucose that they create. The cheater cells are therefore deprived of glucose due to the presence of bacteria (either by direct glucose consumption or by limiting yeast density, which limits the amount of sucrose broken down). So, bacterial competition actually selects for "invertase producing cells" rather than "cooperators" per se. However, since the invertase producing cells are breaking down sucrose outside of the cell, ~99% of the resulting glucose diffuses away before it can be captured (Gore et al, 2009 ). All cells in the population then benefit from this sucrose hydrolysis during the high-density growth phase, where the bulk of yeast growth occurs in our experiments (see Fig 3 and Fig S8) . Selection for invertase producing cells during the first phase of growth (when yeast density is low) then indirectly acts as a stabilizing agent for the cooperator genotype in the yeast population." As suggested by the referee, we have changed our title to "competition between species can stabilize public-goods cooperation within a species". In addition, we have added a description in the abstract explaining that it is the preferential access that the cooperators have to the public good that favors the cooperators in the presence of the bacterial competitor:
"Bacterial competition stabilizes cooperation within yeast by limiting the yeast population density and also by depleting the public-goods produced by cooperating yeast cells. Both of these changes induced by bacterial competition increase the cooperator frequency because cooperator yeast cells have a small preferential access to the public-goods they produce; this preferential access becomes more important when the public good is scarce."
We have also removed all statements implying "increased cooperation" from the manuscript and now only refer to "increase in cooperator frequency or fraction". As mentioned before, we have also added a new paragraph in the results section of the main text, essentially summarizing what the both reviewers are pointing out: bacteria select for "invertase producers" not "cooperators". Our main claim is also explained in the same paragraph. Please also see our response to a similar comment by reviewer #3. We removed phrases like "general" from the conclusion and now at no point we claim that competition between species is a general mechanism for the evolution of cooperation. We also added a sentence about our results with B. subtilis experiments, pointing out the importance of the nature of interaction between species in determining the outcome of evolution.
Minor: -The results start being presented at the end of the introduction apparently without reason. The results should be presented in the results section.
We have now moved this discussion into the results section.
-"This strain of E. coli cannot utilize sucrose (Reid & Abratt, 2005) but could grow on arabinose, another carbon source present in the media (Fig. S3B) . Arabinose could not be utilized by our yeast strains (Fig. S3A) We have removed all statements implying "increased cooperation" from the manuscript and now only refer to "increase in cooperator frequency or fraction". We also include a whole paragraph in the results section of the main text, essentially summarizing what the both reviewers are pointing out: bacteria select for "invertase producers" not "cooperators" and explicitly discuss that yeast cells are not cooperating during when selection by bacteria occurs. The statement that "there is (basically) no transfer of benefits between yeast cells at low densities" is true if "low densities" mean density<Nc and we include this in the same paragraph. Our main claims are also summarized in the same paragraph.
As a side note, we would like to point out that our cultures do not stay in these "low-density" conditions (density<Nc, where yeast and bacteria compete) permanently. Even though bacteria decreases the carrying capacity of yeast, final yeast densities are always higher than the critical density (Nc) over which cooperative yeast growth occurs. For example, please see Fig 4C. Looking at the DH5a curve, we can see that even with an increase up to 45% cooperator fraction from 10%, carrying capacity is only about half of the maximum carrying capacity (15x10e7 cells/mL without bacteria) whereas the critical yeast density over which cooperative growth start to occur is about 3x10e5 cells/mL (Fig S8) . This critical density is more than two orders of magnitude lower than the final density we observe in this experiment. Also see fig 2A where the 4mM buffer condition (circles) corresponds to the same experiment. It is clear that there is substantial and fast yeast growth after E.coli stops growing, this would not be possible if cells were not collectively breaking down sucrose. Also notice that in this experiment along with the cooperator frequency, the final cooperator density is about twice as large compared to an isolated yeast culture.
